A comprehensive study on the thermoelectric effect of Ag substitution in GeTe solid solutions, a congenital base for high efficient TAGS-m [(GeTe) m (AgSbTe 2 ) 100-m ] thermoelectric materials, was performed. First-principles calculations were carried out to probe the changes arising from doping on the electronic band structure of GeTe, which exhibits a rhombohedral (r) structure at temperatures lower than 700 K. Aliovalent Ag substitution in GeTe increases the hole concentration and decreases the thermoelectric figure of merit (zT) due to the reduction of the Seebeck coefficient, which is ascribed mainly to the lowering of the Fermi level together with the loss of band degeneracy. Band structure and effective mass calculations of these doped materials also point to a soaring contribution from several hole pockets in the valence band. First-principles calculations carried out with two other group-11 transition metals (Cu, Au) reveal that silver substitution has the lowest impact on the thermopower of r- Page 1 of 32   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 2 GeTe. A mean zT of ∼0.85 at 773 K is achieved for Ge 1-x Ag x Te (x ≤ 0.04) solid solutions. The study highlights the limits in doping just a coinage metal to GeTe and recapitulates the need for pair substitution to enhance the thermoelectric properties of GeTe-based solid-state solutions.
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highlights the limits in doping just a coinage metal to GeTe and recapitulates the need for pair substitution to enhance the thermoelectric properties of GeTe-based solid-state solutions.
Introduction
The global need for energy management, particularly the conversion of waste heat to useful electricity is becoming increasingly important owing to recent environmental and energy concerns [1] [2] [3] . Among the several approaches for solid-state compound conversion between heat and electricity including fuel cells 4 , photovoltaics 5 , batteries 6 and supercapacitors 6 , thermoelectric (TE) devices have significant potential in tackling the challenges of energy sustainability offering excellent features: extensive lifetime, highly reliable and scalable, environmentally friendly, quiet, lower maintenance costs, etc. [7] [8] [9] .
The thermoelectric material's potential to convert waste heat into electricity is quantified by the dimensionless figure of merit zT as given by equation (1) ,
(1) where S, σ, T and κ total are the Seebeck coefficient, electrical conductivity, temperature, and total thermal conductivity, respectively.
The fact that these thermoelectric transport properties are highly interrelated, throws a greater challenge in enhancing zT. Advances in recent times show that it is feasible to enhance zT by a number of approaches: Quantum confinement of electron charge carriers 10 ; synergistic nano-structuring [11] [12] [13] [14] ; nano-inclusions which enable acoustic phonon scatterings 15, 16 ; electron filtering 17 ; convergence of electronic band valleys [18] [19] [20] ; fostering resonant levels by impurities inside the valence band 21 ; alloying 3 to create point defects 22, 23 ; and complex crystal structures like skutterudites 24, 25 , Zintl compounds 26, 27 , hetero-structured superlattice thin-films 28 and even semi-conducting glasses [29] [30] [31] [32] .
Amongst the state-of-the-art thermoelectric materials, the extensively studied PbTe based materials are limited by their toxicity for any practical applications, despite their high zT. .
Other well established classes of high performance materials involving carrier and phonon engineering of GeTe are the so-called TAGS alloys with composition (GeTe) x (AgSbTe 2 ) 1-x exhibiting zT values of more than 1 [42] [43] [44] [45] . Similar values of zT at mid-temperature ranges (600-800 K) were achieved for different Powder X-ray diffraction X-ray diffraction (XRD) patterns were recorded at room temperature in the 2θ range 15-120° with a step size of 0.026° and a scan time per step of 400 s using a PANalytical X'Pert Pro diffractometer (Cu K-L 2, 3 radiation, λ = 1.5418 Å, PIXcel 1D detector). Ge 1-x Ag x Te lattice parameters were estimated from Lebailtype profile fits carried out with the Fullprof program using on the hexagonal cell of the R3m space group and the Pseudo-Voigt profile function 57 .
Hall measurements
The Hall measurements were carried out at room temperature using a home-made four-point probe setup (Van der Pauw method), where a fixed magnetic field of 0.112 T and dc current of 15 mA was . The carrier concentration (n) and mobility (µ) were computed from carrier sheet density (n s ), sheet resistance (R s ) and Hall Voltage (V H ) using the following equations,
where e, B, I and t are the charge of the electron, magnetic field, current and thickness of the sample, respectively. The values of carrier density obtained were quite consistent with a standard deviation of less than 2%.
Electrical and thermal transport
The electrical conductivity and Seebeck coefficients were measured simultaneously from room temperature to 773 K using a commercial instrument (LSR-3, Linseis Inc.), in He atmosphere. The measurements were made on parallelepiped-shaped samples of dimension ~10 x 2 x 2 mm 3 .
The thermal diffusivity D was measured from room temperature to 773 K using the laser flash diffusivity method in a Netzsch LFA-457 instrument. Disc shaped samples of 10 mm diameter and ~2 mm thickness were used for the measurements. The heat capacity, C p , was derived using the Dulong-Petit relation as in equation (4),
where R is the gas constant and M is the molar mass. Dulong-Petit relation holds well for such materials 41, 47, 50, 58, 59 .
The total thermal conductivity κ was calculated using equation (4),
where ρ is the density of the sample. The density of the discs was measured using Archimedes' principle.
The uncertainty in the results for the values of electrical and thermal transport properties are ∼5% and ∼7%, respectively. Error bars are not shown in the figures to facilitate the readability of the curves.
Microscopic analysis
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The carrier effective mass (m*) was derived for each sample using the measured room temperature Seebeck coefficient (S) and the carrier concentration (n), and considering a single parabolic band model 65, 66 . The chemical potential (μ) can be estimated using equation (6) with λ = 0 (acoustic-phonon scattering), where F j (μ) are the Fermi integrals given by equation (7). The hole effective mass can then be determined from equation (8).
The electronic transport coefficients for M x Ge 1-x Te (M = Cu, Ag, Au; x = 0.04) were calculated within the Boltzmann Transport Equation (BTE) with constant relaxation time for the electrons τ and a rigid band structure approximation, 67, 68 as implemented in the BoltzTrap-1.2.5 code 69 . 10,000 k-points in the BZ were used to compute the band derivatives and the density of states for the transport calculations.
Results and Discussion
Crystalline ingots of Ge 1-x Ag x Te (x = 0.00, 0.01, 0.02, 0.04 and 0.06) were synthesized by vacuum sealedtube melt processing. Figure 1a shows the room temperature X-ray diffraction pattern of all the samples. Sharp reflections indicate the polycrystalline nature of the synthesized ingots. All the main reflections could be indexed based on a rhombohedral GeTe structure (PDF#47-1079, R3m space group).
Minor reflections of Ge impurities can be detected in some samples. The rhombohedral phase is further confirmed by the presence of double reflections 33, 37 [ (024) and (220) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 In our experimental conditions, the maximum solubility of silver in the rhombohedral GeTe phase appears to be between 4 and 6 mol%, as a cubic phase (Fm-3m space group; a = 5.9118(9) Å) starts to appear for values of x ≥ 0.06. This secondary cubic phase was identified as (Ag,Ge)Te, as the estimated lattice parameter is smaller than that of undoped cubic GeTe (a = 6,02 Å) 44, 70 . Microscopic data also supports the PXRD results (refer ESI † Figure S1 ). (n) and mobility (µ) obtained from Hall measurements using equations (2) and (3) are reported in Table   1 . Holes are the major charge carriers (p-type), as the Hall voltage is positive in these samples. The carrier concentration value at room temperature increases with increasing Ag content, due to the aliovalent Ag + at the Ge 2+ site in GeTe, which gives rise to extra mobile holes in the system. In pristine GeTe, a Ge vacancy has very low formation energy and is the most easily formed intrinsic defect 52, 53 . The addition of Ag to GeTe can further decrease this vacancy formation energy, thereby leading to a large density of carrier concentrations. The temperature-dependent electrical transport properties of Ge 1-x Ag x Te are shown in Figure 2 . The electrical conductivity of all the samples decreases with increasing temperature (Figure 2a) , which is the archetypal behavior of degenerate semi-conductors 31, 37, 38, 71 . As expected, the room temperature hole mobility (µ) decreases with the increase in Ag concentration (Table 1) due to an alloy scattering mechanism, which usually comes into picture in such a case of doping 31, 33, 72 . Besides .
Figure 2. Temperature-dependent (a) electrical conductivity (σ), (b) Seebeck coefficient, (S), (c) Power factor (PF = S
The temperature dependence of the power factors (S (Table 1) .
In order to study the effect of germanium substitution with silver in rhombohedral GeTe (r-GeTe), DFT calculations were carried out on Ag 0.042 Ge 0.958 Te model structure (as it is close to the experimental composition). Previous computational studies on amorphous and cubic GeTe (c-GeTe) showed that the formation energy (to form a defect) becomes lower when Ag atoms replace Ge ones 74, 75 . The DOS computed for r-GeTe and Ag 0.042 Ge 0.958 Te are sketched in Figure 3 .
13 Te (b) . In order to compare the band structures, the same supercell has been considered for r-GeTe.
The gradual increase of m* with increasing Ag concentration, as reported in Table 1 Figure S4 , ESI †) look very similar to that of the silver analogue shown in Figure 3 . In order to evaluate the impact of Ge substitution with group-11 elements, the electronic part of the transport properties was computed using a semi-classical approach. The Seebeck coefficient as a function of the chemical potential is shown in Figure 5 . Irrespective of the carrier concentration, the Seebeck coefficient is higher for silver-doped Page 14 of 32   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 GeTe compared to its gold and copper congeners. This is consistent with the DOS of M 0.042 Ge 0.958 Te (M = Cu, Ag, Au), as sketched in Figure S4 (ESI †). The temperature-dependent total thermal conductivity κ total derived from D and C p using equation (5) is presented in Figure 6a . At 773 K, the κ total value for Ge 0 for other GeTe based materials, which was ascribed to the second-order phase transition from rhombohedral to cubic phase 33, 36, 37, 39, 44 . This transition temperature decreases from 673 K to 573 K with increase in Ag content from 1 to 6 mol%.
To better understand the impacts of Ag on the thermal transport properties of GeTe, the contributions from electronic and lattice parts are calculated. The lattice thermal conductivity (κ latt ) estimated from κ total by subtracting the electronic contribution (κ e ) via Wiedemann-Franz law, as in equation (9),
Page 15 of 32   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   16 where κ e is the electronic thermal conductivity and L is the Lorenz number computed by the condensed version of Single Parabolic Band model with acoustic phonon scattering (SPB-APS) 76, 77 , as in equation The lattice and electronic thermal conductivities are plotted in Figure 6b . As it can be seen, the lattice contribution is relatively low compared to the electronic contribution, and at higher temperatures κ latt is in the order of ∼1 W/mK, analogous with that of other high performance GeTe based materials . Ag substitution helps reducing this lattice contribution, presumably because of increased alloy scattering and phonon interfacial scattering at the grain boundaries. It is in fact the electronic part that affects the total thermal conductivity. At 773 K, κ e increases conspicuously with Ag doping, thereby contributing to the substantial raise in κ total . More metallic behavior of Ag unfavorably affects the thermal conductivity of GeTe solid-state solutions.
The thermoelectric figure of merit zT as a function of temperature, calculated from the electrical transport and thermal conductivity data, as in equation (1) is shown in Figure 6c 
Conclusion
The crystalline ingots of Ge 1-x Ag x Te (x = 0.00 -0.06) have been synthesized by vacuum-sealed tube melting process. The solubility of Ag in r-GeTe was found to be less than 6%. Substitution of Ge by Ag profoundly affects the electronic and thermal transport properties of r-GeTe: (i) it proliferates the charge carrier density due to the aliovalent Ag + and the reduction in Ge vacancy formation energy, (ii) it Page 17 of 32   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 lowers the Fermi level which lies almost at the top of the valence band, affecting the Seebeck coefficient, (iii) it leads to a loss of band degeneracy, (iv) it also leads to a surge in the contribution of several hole pockets in the valence band, thus increasing the effective mass, and (v) it causes a decrease of the lattice thermal conductivity due to alloy scattering contributing to reduced mobility, but an increase of the electronic thermal conductivity. Ge 1-x Ag x Te (x ≤ 0.04) exhibits a mean zT ∼ 0.85 at 773 K.
First-principles calculations carried out on GeTe substituted with other coinage metals (Cu, Au), demonstrate that silver doped solid solutions exhibit higher thermopower compared to the others. The multiple factors presented in this work demonstrate that substitution by just a coinage metal is not the best choice of a dopant for achieving high zT in GeTe-based thermoelectric materials, and reiterates the need for pair substitution, as like in TAGS where silver and antimony substitute for germanium, to enhance the figure-of-merit of GeTe.
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